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Edited by Shou-Wei DingAbstract The RNA silencing pathway is an important compo-
nent of the anti-viral immune response in eukaryotes, particu-
larly in plants. In turn, many viruses have evolved mechanisms
to evade or suppress this pathway. Tombusviruses such as the
Carnation Italian ringspot virus (CIRV) express a 19 kDa pro-
tein (p19) that is a suppressor of RNA silencing in infected
plants. This protein acts as a dimer and binds speciﬁcally to
short-interfering RNA (siRNA) through electrostatic interac-
tions between charged residues in the binding cleft. Since pH
and salt concentrations can vary widely from host to host, we
have investigated the inﬂuence of these parameters on the siRNA
binding activity of CIRV p19. Previously, we established a con-
venient ﬂuorescence-based method for assaying CIRV p19:siR-
NA binding using Ni2+–NTA coated 96-well plates. Using this
method, we observe that the CIRV p19 protein binds to siRNA
with nanomolar aﬃnity and that this binding is sensitive to pH
and salt concentration. The pH-dissociation constant proﬁle
shows that CIRV p19:siRNA binding is dependent on three dif-
ferent apparent pKa values. The values extrapolated from the
curve are 7.1, 8.0 and 10.6 that we interpret as the ionization
of one or more histidine, cysteine and lysine residues, respec-
tively. We ﬁnd that the optimal suppression of RNA silencing
by CIRV p19 occurs in the pH range from 6.2 to 7.6.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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pH-dependence; RNA–protein interactions1. Introduction
The dsRNA response in plant cells is a critical component of
the anti-viral immune response to RNA viruses [1–3]. One
component of the double-stranded RNA (dsRNA) response
is the evolutionarily conserved RNA silencing pathway,
involving the biogenesis of short interfering RNAs (siRNA)
molecules [4–8]. The siRNAs are assembled into an RNA-Abbreviations: CIRV, Carnation Italian Ringspot virus; p19, tombus-
virus suppressor of RNA silencing protein with apparent molecular
mass of 19 kDa; siRNA, short interfering RNAs; dsRNA, double-
stranded RNA; dsRBM, double-stranded RNA-binding motif
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doi:10.1016/j.febslet.2007.05.064induced silencing complex (RISC) and guide the degradation
of single-stranded complementary viral RNA [2,9]. As a result,
many plant viruses have adopted strategies for evading or
directly suppressing the host cell’s RNA silencing pathway
[1,3,10]. Tombusviruses have adapted to the RNA silencing
pathway through the production of a 19 kDa protein (p19)
that acts as an siRNA inhibitor [4,10–14] and reviewed in
[15]. The p19 protein acts as a dimer and binds to the minor
groove of siRNA duplexes [12,13]. It binds size selectively to
21–25 nt siRNA with high aﬃnity (nM–pM range) and little
sequence-speciﬁcity [12,13], although some preference towards
siRNAs with high GC content have been observed [16]. The
p19 protein forms a tail-to-tail homodimer through hydrogen
bonding, hydrophobic and salt bridge interactions [12,13].
The p19 dimer appears to block silencing by directly binding
siRNA and sequestering it from the RNA silencing pathway
machinery [1,12,13,17].
The molecular basis for p19 binding to siRNA has been re-
vealed in the recent crystal structures of p19 bound to 21-nt
siRNA duplexes [12,13]. The crystal structure shows that the
p19 homodimer binds the RNA duplex through basic and po-
lar amino-acid interactions with the phosphate backbone and
2 0-hydroxyl groups of the RNA. In addition, two crucial tryp-
tophan residues (Trp39 and Trp42) make end-capping interac-
tions with the 5 0 ends of the siRNA resulting in the stacking
of exposed base pairs at the ends of the RNA duplex [12,13].
The importance of one or more cysteine residues for p19 func-
tion has also been reported recently [18].
The host plant’s physiology can be greatly perturbed by
environmental factors such as water levels, acidity/alkalinity,
temperature, as well as variations in mineral and salt content
which can aﬀect the virulence of invading pathogens [19,20].
Changes in pH and ionic strength may speciﬁcally aﬀect the
ability of p19 to act as a suppressor of RNA silencing. Consis-
tent with this, structural and mutational studies have indicated
that interactions involving ionizable residues are critical for
p19–RNA interactions [12,13,21]. Here, we report a detailed
characterization of pH and ionic strength dependence on the
equilibrium binding of siRNA to the high aﬃnity binding
pocket of CIRV p19 in vitro.2. Materials and methods
2.1. Protein expression and puriﬁcation
Bacterial expression of CIRV p19 His-tag (p19-H) was carried out in
E. coli strain BL21 (DE3) cells harboring the pTriEx-p19 construct [17]blished by Elsevier B.V. All rights reserved.
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p19-H was induced by IPTG at a ﬁnal concentration of 1 mM. Cul-
tures were then grown for an additional 4–5 h at 30 C. Bacterial pel-
lets were resuspended in lysis buﬀer (50 mMNaH2PO4, 300 mM NaCl,
10 mM imidazole, 1 mg/ml lysozyme (Sigma), pH 8.0) and lysed by
sonication on ice. The CIRV p19-H protein was puriﬁed from the sol-
uble fraction of lysate by binding to a Ni2+-NTA column (Pharmacia,
Peapack, NJ). The resin was washed with wash buﬀer I (50 mM NaH2-
PO4, 500 mM NaCl, 20 mM imidazole, pH 8.0), then wash buﬀer II
(50 mM NaH2PO4, 300 mM NaCl, 20% glycerol, pH 8.0), and ﬁnally
with wash buﬀer III (50 mM NaH2PO4, 300 mM NaCl, 1% Tween-
20, pH 8.0). Elution of CIRV p19-H was carried out with elution buﬀer
(50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0). The
pooled eluates were desalted using the PD-10 column (Pharmacia)
and concentrated into 1 ml of 50 mM Tris–HCl buﬀer (pH 8.0) using
the Ultrafree 10-kDa membrane (Millipore, Concord, MA).2.2. Fluorescence detection assays
Binding assays on puriﬁed CIRV p19-H were performed using the
ﬂuorescent siRNA Cy3-CSK-2 (5 0-Cy3-CUACCGCAUCAUGUAC-
CAUdTdT-30), as described previously [18]. Duplex siRNAs were pur-
chased from Dharmacon (Lafayette, CO). The dissociation constants
were assessed by ﬂuorescence detection assays carried out using 96-well
Ni2+–NTA plates (Qiagen Inc., Mississauga, Ontario) as described pre-
viously [18]. Before studying the eﬀects of pH on the activity of p19,
the stability of the protein bound to the Ni2+–NTA matrix under con-
ditions of varying pH was examined by incubating the 96-well Ni2+-
NTA plates with 200 ll of appropriate buﬀer solutions with pH rang-
ing from 6.0 to 12.0. After a 3 h incubation period, the buﬀer solutions
were removed and replaced with 200 ll of CIRV p19-H (10 lg/ml) in
binding buﬀer (50 mM PBS–BSA, pH 7.2) for a 2 h immobilization.
After three washes, 100 nM of Cy3-CSK-2 siRNA in binding buﬀer
was added to each well. After a 1 h incubation period, plates were
washed three times and the relative ﬂuorescence intensity was assessed
by measuring ﬂuorescence at Ex = 546 nm and Em = 590 nm using a
SpectramaxM2 Plate Reader (Molecular Devices Corporation, Sunny-
vale, CA). The relative ﬂuorescence intensity was similar for all wells,
conﬁrming the stability of the Ni2+–NTA under varying pH and buﬀer
conditions.
With respect to binding speciﬁcity, a small peptide (12-kDa) [18]
containing an 8· His-tag at its C-terminus (peptide-H) was expressed
and puriﬁed as described above for CIRV p19-H. Puriﬁed CIRV
p19-H or peptide-H (200 ll, 10 lg/ml) in 1· PBS, 0.2% BSA, pH 7.2
were pre-bound to the surface of each well of Ni2+–NTA plates for
3 h at room temperature. Wells were then washed twice with wash buf-
fer (1· PBS containing 0.05% Tween 20 and 1 mM EDTA). Two-hun-
dred microliters of 1· PBS 0.2% BSA, pH 7.2 was then placed in each
well and the background ﬂuorescence (Ex = 546 nm and Em = 590 nm)
was measured with a Spectramax M2 Plate Reader (Molecular Devices
Corporation) for normalization purposes. The wells were then washed
once more with wash buﬀer before addition of the siRNAs. The Cy3-
labeled siRNAs (0–4 lM, diluted in buﬀers with appropriate pH) were
then added to each well and incubated in the dark for 1 h at room tem-
perature. Wells were then washed three times with wash buﬀer and
200 ll of 1· PBS, 0.2% BSA, pH 7.2 was placed into each well for ﬂuo-
rescence measurement. Fluorescence detection of bound Cy3-labeled
siRNAs (Ex = 546 nm and Em = 590 nm) was measured with a Spectra-
max M2 Plate Reader (Molecular Devices Corporation). The relative
ﬂuorescence of speciﬁc binding was calculated by subtracting the ﬂuo-
rescence values obtained from siRNA binding to peptide-H from the
ﬂuorescence values of siRNA binding to CIRV p19-H. For ionic
strength experiments, following the immobilization of CIRV p19-H,
the siRNA (0–4 lM) was diluted in 1· PBS 0.2% BSA containing
either NaCl, NaClO4, or NH4F of the appropriate concentration (up
to 1 M) was added to the immobilized CIRV p19-H. The measure-
ments were performed as described above.2.3. pH-binding proﬁles
The inﬂuence of pH on the siRNA binding activity of CIRV p19-H
was determined by monitoring siRNA binding in ﬂuorescence detec-
tion assays carried out over the pH range from 6.0 to 12.0. In order
to determine the dissociation constants for CIRV p19-H binding to a
model 21-nt siRNA, aliquots of the 5 0-Cy3-labeled siRNA were added
at increasing concentrations to 96-well Ni2+-NTA coated plates con-taining bound CIRV p19-H as described previously [18]. The ﬂuores-
cent siRNA remaining bound to CIRV p19-H was measured after a
1 h incubation period. The fraction of bound 5 0-Cy3-labeled siRNA
was calculated by determining the fraction of the original ﬂuorescence
intensity that remained after removal of the unbound 5 0-Cy3-labeled
siRNA. The ﬂuorescence data were ﬁt to Eq. (1) in order to determine
the equilibrium dissociation constant (Kd) values for CIRV p19:siRNA
binding.





where f denotes the relative ﬂuorescence intensity which is directly pro-
portional to the fractional occupancy of p19; [siRNA]max denotes the
maximal binding of siRNA; [siRNA]U, the fraction of unbound siR-
NA; and Kd, the equilibrium dissociation constant.
Data for the log Kd vs. pH proﬁle was ﬁt to an equation that repre-
sents the titration of three pKa values, as shown in:
logðK 0pHd Þ ¼
Limit1 þ Limit2  10ðpH-pKa1Þ
10ðpH-pKa1Þ þ 1
 Limit2  Limit3  10
ðpH-pKa2Þ
10ðpH-pKa2Þ þ 1
 Limit3  Limit4  10
ðpH-pKa3Þ
10ðpH-pKa3Þ þ 1 ð2Þ2.4. Buﬀer composition
The design and preparation of buﬀers of varying pH were prepared
using a recipe calculator for thermodynamically correct buﬀers, R.
Beynon from the University of Liverpool (Website: http://liv.ac.uk/
buﬀers/buﬀercalc.html). All buﬀers were prepared at an ionic strength
of 0.1 M (NaCl). In addition, all buﬀers were prepared and used at
ambient temperature (25 C) and constant ionic strength.
2.5. Graphs and data analysis
All graph analyses were performed using the Graph-Pad Prism
computer program (GraphPad Software Inc., San Diego, CA, USA)
or GraFit version 4.0 (Erithacus Software Ltd., Surrey, UK).3. Results
3.1. Eﬀect of pH on the siRNA binding activity of p19
The eﬀect of pH and the extent of changes in protonation
state of p19 in the CIRV p19-H:siRNA interaction was deter-
mined using ﬂuorescence detection assays. The dissociation
constants for CIRV p19-H:siRNA binding, obtained from
ﬂuorescence detection assays, under a range of pH and buﬀer
conditions are summarized in Table 1. Representative binding
curves plotted as the relative ﬂuorescence intensity vs. the con-
centration of the 5 0-Cy3-labeled 21-nt siRNA over a range of
pH values from 6.1 to 12.0 is shown Fig. 1A. We observed that
the CIRV p19-H:siRNA interaction was highly aﬀected by
changes in pH (Fig. 1A). We also plotted of the logKd vs.
pH (Fig. 1B). This data were ﬁt to an equation that represents
the titration of three pKa values (Eq. (2), described in Section
2). The pKa values extrapolated from the curve correspond to
7.1, 8.0 and 10.6. We interpret these values as the ionization of
one or more histidine, cysteine and lysine residues, respec-
tively.
From the binding data described in Table 1 and Fig. 1, we
ﬁnd that CIRV p19-H is able to bind siRNA eﬃciently over
a wide range of pH values spanning from 6.1 to 9.0. Relatively
tight binding to siRNA was observed at low pH
(Kd = 136.7 nM and 112.1 nM, at pH 6.1 and 6.2, respec-
tively), whereas the binding was reduced as much as 4.7-fold
with an increase in pH from 6.7 to 10.5, and binding of siRNA
Table 1
Dissociation constants for CIRV p19-H:siRNA binding under a range
of pH and buﬀer conditionsa
pH Ionic strength (salt) (M) Buﬀer K 0d (nM)
5.9 0.1 (NaCl) Pyridine 211
6.1 0.1 (NaCl) Pyridine 137
6.2 0.1 (NaCl) NaH2PO4 112
6.7 0.1 (NaCl) NaH2PO4 199
7 0.1 (NaCl) NaH2PO4 239
7.2 0.1 (NaCl) NaH2PO4 513
7.2 0.2 (NaCl) NaH2PO4 600
7.2 0.35 (NaCl) NaH2PO4 1100
7.2 0.6 (NaCl) NaH2PO4 3100
7.2 0.85 (NaCl) NaH2PO4 5800
7.2 1.1 (NaCl) NaH2PO4 7200
7.2 0.1 (NaClO4) NaH2PO4 580
7.2 0.15 (NaClO4) NaH2PO4 720
7.2 0.35 (NaClO4) NaH2PO4 702
7.2 0.6 (NaClO4) NaH2PO4 18000
7.5 0.1 (NaCl) NaH2PO4 323
7.7 0.1 (NaCl) NaH2PO4 315
7.9 0.1 (NaCl) NaH2PO4 440
8 0.1 (NaCl) NaH2PO4 271
8.1 0.1 (NaCl) NaH2PO4 436
8.6 0.1 (NaCl) Tris 207
9 0.1 (NaCl) Tris 240
9.4 0.1 (NaCl) Ethanolamine 213
9.9 0.1 (NaCl) Ethanolamine 295
10.2 0.1 (NaCl) Ethanolamine 430
10.5 0.1 (NaCl) Ethanolamine 531
11 0.1 (NaCl) Piperidine 2480
12 0.1 (NaCl) Piperidine 3960












































Fig. 1. Eﬀect of pH on CIRV p19-H binding to siRNA. (A)
Representative overlayed plots of siRNA binding of CIRV p19-H
across a broad pH range. (B) logKd plotted as a function of the pH. In
all siRNA binding experiments the ionic strength was maintained at
100 mM with NaCl. Data points represent the average measurement
values from triplicate experiments with standard errors ranging from
10% to 20%. Best-ﬁt binding hyperboles are shown with the assump-
tion that one CIRV p19-H dimer binds to a single siRNA duplex. All
experiments were conducted with the same batch of plates and protein
stock solutions to ensure that the saturation point for each well would
be the same within experimental error.
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served that the deprotonation of a residue in CIRV p19-H with
the apparent pKa of 7.1 increases the Kd of CIRV p19-H for
siRNA. In addition, the deprotonation of a residue in CIRV
p19-H with an apparent pKa of 8.0 decreases the Kd value,
indicating that this change in ionization state is favorable for
siRNA binding activity. Finally, the deprotonation of a resi-
due in CIRV p19-H with an apparent pKa of 10.6 obliterates
siRNA binding activity. As described in structural studies of
CIRV p19 and the homologous TBSV p19, the high aﬃnity
of p19 for siRNA is a result of interactions with the nega-
tively-charged phosphate backbone of the RNA duplex with
speciﬁc charged residues located in the binding pocket of the
p19 dimer [12,13]. The pH-dependent changes in siRNA bind-
ing activity likely result from the protonation/deprotonation of
one or more of these positively-charged residues.
In addition to the eﬀect of pH on siRNA binding activity, we
also assessed the reversibility of pH-dependent binding of
CIRV p19-H to siRNA. Stability measurements were con-
ducted by measuring the relative ﬂuorescence of the CIRV
p19-H:siRNA interaction across a broad range of pH values.
Puriﬁed CIRV p19-H was incubated at various pH values
ranging from 6.2 to 12.0 for 1 h. The siRNA binding activity
of CIRV p19-H was then assayed in buﬀer containing a single,
saturating concentration of siRNA (1 lM siRNA, in 1· PBS,
pH 7.0). We observed comparable siRNA binding activity at
each pH value tested (data not shown). This indicates that
the pH-dependence of the CIRV p19-H:siRNA interaction is
reversible and is therefore likely due to a reversible changes
in the ionization state of the side chains of key amino acid res-
idues within the p19 protein.3.2. Electrostatic eﬀects on the dissociation constant for p19
To determine the relative contribution of electrostatic forces
in siRNA binding activity, the equilibrium dissociation con-
stant of p19 binding to siRNA was characterized in a series
of experiments at diﬀering ionic strengths. This was carried
out by varying the concentration of NaCl from 0.1 to 1.0 M.
The resultant binding curves demonstrate that the CIRV
p19-H:siRNA interaction is highly dependent on NaCl con-
centration (Fig. 2). We observed a decrease in the aﬃnity of
p19 for siRNA (Kd ranging from 600 nM to 10 lM) when
the NaCl concentration was increased from 0.1 M to 1.0 M,
respectively. While the siRNA binding activity was only
slightly aﬀected in the presence of 0.25 M NaCl (1.8-fold), a
very pronounced inhibition of siRNA binding (>10-fold) was
observed by increasing the concentration to 0.75 M NaCl.
The siRNA binding activity of CIRV p19-H was almost com-
pletely inhibited when the concentration was increased to
1.0 M NaCl (Fig. 2).
3.3. Anion eﬀect on CIRV p19-H:siRNA binding
In order to study the eﬀect of ionic strength in more detail,
we evaluated the anionic eﬀect of NaClO4 on CIRV p19-


























Fig. 2. Eﬀect of NaCl on CIRV p19-H:siRNA interactions. Repre-
sentative plots of siRNA binding for CIRV p19-H at various
concentrations of NaCl, pH 7.2. The curves are best ﬁt by non-linear





























Fig. 3. Eﬀect of NaClO4 on CIRV p19-H:siRNA interactions.
Representative plots of siRNA binding for CIRV p19-H at various
concentrations of NaClO4, pH 7.2. The curves are best ﬁt by non-
linear regression to one site model described in Eq. (1).
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its ability to suppress non-speciﬁc ionic interactions between
positively-charged residues and any negatively charged resi-
dues. The binding curves shown in Fig. 3 show a strong salt
eﬀect of NaClO4 on CIRV p19-H:siRNA interactions. We ob-
served that at equal concentrations (0.25 M and 0.5 M), Cl
showed a smaller inhibition of siRNA binding (50% and
80%, respectively) when compared to the larger eﬀects ob-
served from the ClO4 salt (92% and 97%, respectively). The
more pronounced response obtained with ClO4 is consistent
with the salt eﬀects for p19:siRNA binding following the Hof-
meister series [22,23]. In addition, we tested the eﬀects of the
F anion using the salt NH4F. The eﬀect of F
 was smaller
than that of the Cl salt (NH4F reduced the binding by only
25% at 1.0 M salt compared with a corresponding 75%
reduction in the presence of 1.0 M NaCl) which is also consis-
tent with the Hofmeister series (data not shown).4. Discussion
Molecular recognition of RNA is a key event for numerous
biological pathways including transcription, traﬃcking, edit-
ing, maturation of cellular RNA as well as RNA interference
[24]. The biochemical and biophysical parameters that governthese key events are common to p19:siRNA interactions.
Many proteins including RNA-dependent protein kinase
PKR, spliceosomal U1A protein, Drosophila Staufen protein,
Dicer or RNase III have been shown to bind speciﬁc dsRNA
targets owing to their dsRNA-binding motifs (dsRBM) [25–
28]. Of the proteins that are known to bind to dsRNA, most
utilize RNA structures such as loops, bulges and mismatches,
as well as direct speciﬁc contacts of surface residues for
dsRNA recognition. Owing to the strong negative electrostatic
ﬁeld associated with the RNA phosphate backbone, charged
interactions are likely to be important for proper RNA binding
[29,30]. Indeed, hydrogen bonds and electrostatic interactions
are commonly involved in RNA–protein complexes. Mutagen-
esis and NMR studies of the Staufen protein have demon-
strated that the electrostatic interaction mediated by basic
residues plays an important role in dsRBM–RNA interaction
[31]. The well-characterized U1A/U1 small nuclear ribonucleo-
protein complex provides the role of electrostatic interaction in
the contribution of the energy needed in protein–RNA interac-
tion [32]. Two structure-based studies, on dsRNA processing
by dicer [25] and the PAZ domain of the human Argonaute
2 protein bound to siRNA [33,34], also demonstrate the im-
pact of hydrogen bonds and electrostatic interactions on
dsRNA binding activity.
CIRV p19 interacts with siRNA over the entire length of the
molecule through hydrogen-bonds, electrostatic and end-cap-
ping interactions [12,13]. Here, we investigated the pH-depen-
dence and salt eﬀects pertaining to the CIRV p19:siRNA
binding interaction. Our results indicate that, depending on
their location, key basic amino-acids are important in CIRV
p19 contacting the RNA and they are also likely to help stabi-
lize the CIRV p19:siRNA complex. Between pH 6 and 7 the
binding capacity is maximal; however, outside this pH range,
the p19 protein’s ability to bind 21-nt siRNA decreases. The
dissociation constant curve as a function of pH (Fig. 1B) sug-
gests that the CIRV p19:siRNA interaction can be aﬀected by
at least three electrostatic groups (pKa of 7.1, 8.6 and 10.5) that
are titrated between pH 6 and 12. The pH eﬀect is assumed to
be electrostatic in nature due to non-speciﬁc repulsions that
arise when the protein is highly charged [35–37]. The observed
pH-dependent binding behavior might be the result of the
overall aﬀect on structural stability and/or the result of titra-
tions of amino acid side chains that are directly involved in
binding to the siRNA. The theoretical isoelectric point (pI)
of CIRV p19 is 5.9. This value does not correspond to any
of the observed pKa values extrapolated from Fig. 1B. The
much higher value obtained can be explained by the fact that
for some proteins, the pH of maximum stability does not coin-
cide with the isoelectric pH but can be accounted for by the
burial in hydrocarbon core of some titratable groups [35].
The ﬁrst observed pKa does not appear to correspond to any
of the side chains known to be directly involved in the binding
of CIRV p19 to siRNA [12]. Therefore, we hypothesize that
the ﬁrst observed pKa value of 7.1 is attributably to a titratable
group that inﬂuences protein stability. One possible candidate
is H45, which is known to be involved in side-chain interac-
tions that position helix H1 relative to the b-sheet core of each
monomer in the p19 dimer [12].
Both the second and third observed pKa values in the logKd
vs. pH plot in Fig. 1B can be assigned to changes in the ioni-
zation of key amino acids such as lysine and cysteine. Based on
the crystal structures of CIRV p19 and the close homologue
R. Koukiekolo et al. / FEBS Letters 581 (2007) 3051–3056 3055TBSV p19 [12,13], the 21-nt siRNA interacts with basic and
polar groups of p19 that bind the phosphate backbone (R11,
R18, R43, R115, T40, K60, K67, K71, S62, S113, S120, W42
and Q107). Mutations of K60 and K71 (conserved among
tombusviruses) of TBSV p19 lead to decreases in the lethal
necrosis phenotype [38,39]. Based on these observations, we
hypothesize that the deprotonation of the lysine residues (cor-
responding to the pKa titrated at 10.5 in Fig. 1B) lead to the
destabilization of electrostatic interactions between p19 and
the siRNA phosphate backbone and resulted in the drastic de-
crease in the observed dissociation constant. Moreover, the ob-
served eﬀect is most likely associated with the deprotonation of
R11, R18 and R115. Unfortunately, we were not able to titrate
the arginine residues in the binding cleft because of the lack of
stability of CIRV p19 at pH values above 12. Analogously, the
observed pKa of 8.6 can be attributed to the ionization of one
or more cysteine residues. Previously, we have shown that cys-
teine alkylation can perturb CIRV p19:siRNA binding [18].
Interestingly, the pH-binding proﬁle suggests that deprotona-
tion of one or more cysteine residues may be beneﬁcial to
the binding aﬃnity of CIRV p19 for 21-nt siRNA. It is also
possible that the reduced binding aﬃnity observed at higher
pH could be due to structural changes resulting from deproto-
nation of other amino acid side chains that cause the destabi-
lization of the p19 dimer.
In the present work, we also investigated the inﬂuence of
various salts on the equilibrium dissociation constant of CIRV
p19 binding to siRNA. We observed an important decrease in
aﬃnity for 21-nt siRNA with increasing salt concentration
(Figs. 2 and 3), indicative of a strong electrostatic eﬀect. Ion
pairing and hydrogen bonding interactions are considered to
be dominant contributors to protein stability, particularly in
dimers [36,37,40,41]. CIRV p19 forms a tail-to-tail homodimer
through hydrogen bonds, hydrophobic and salt bridge interac-
tions (between R72, R75 and R85 with E17, E35 and E41,
respectively) of the two p19 monomers. Indeed, recent struc-
tural and mutational studies of the closely related TBSV p19
protein have conﬁrmed the importance of these interactions
[12,13,21]. Mutation of ionizable residues of the RNA binding
cleft perturbs the electrostatic association with the sugar-phos-
phate backbone of the siRNA [12]. Additionally, mutational
analyses of the p19 mutants P19/43 and P19/75-78 which have
impaired siRNA binding activity have demonstrated the
importance of ionic strength in the p19:siRNA interaction
[21]. The P19/43 mutant contains a R43W substitution that
is thought to interfere with hydrogen bonding to the 5 0 phos-
phate or cause inappropriate exposure of hydrophobic residues
of p19 and results in NaCl-sensitive binding to siRNA [21].
The P19/75-78 mutant contains R75G and R78G substitutions
that prohibit the formation of a salt-bridge that permits the
proper positioning of the caliper tryptophan residues [21].
Our observations are consistent with these previous studies
and indicate that increases in ionic strength destabilize the
CIRV p19:siRNA complex and that the anion eﬀects follow
the Hofmeister series [22,23]. This supports the hypothesis that
the salt eﬀect results in destabilization of the overall conforma-
tion of the p19 dimer and thus siRNA binding.
5. Conclusions
In conclusion, our results indicate that CIRV p19:siRNA
interactions are aﬀected both by pH and salt concentration.The pH dependence of CIRV p19 binding to a model 21-nt
siRNA followed a pattern which suggests three important
pKa values are important in controlling CIRV p19’s siRNA
binding aﬃnity. These values were extrapolated from the plot
of log Kd vs. pH and are 7.1, 8.0 and 10.6. CIRV p19 contains
several charged amino acid side chains, including those of his-
tidine, cysteine and lysine, which can be assigned to the ob-
served pKa values. We ﬁnd that the optimal siRNA binding
activity of CIRV p19 occurs in the pH range from 6.2 to 7.6,
although CIRV p19 still retains signiﬁcant aﬃnity for 21-nt
siRNA up to pH values of 9. This suggests that salt eﬀects
are more important than pH in regulating CIRV p19:siRNA
binding interactions.
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